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Self-Organization of Iron Sulfide Nanopatrticles into
Complex Multicompartment Supraparticles

E. Sumeyra Turali-Emre, Ahmet E. Emre, Drew A. Vecchio, Usha Kadiyala,

J. Scott VanEpps,* and Nicholas A. Kotov*

Self-assembled compartments from nanoscale components are found in all
life forms. Their characteristic dimensions are in 50-1000 nm scale, typically
assembled from a variety of bioorganic “building blocks”. Among the various
functions that these mesoscale compartments carry out, protection of the
content from the environment is central. Finding synthetic pathways to
similarly complex and functional particles from technologically friendly
inorganic nanoparticles (NPs) is needed for a multitude of biomedical,
biochemical, and biotechnological processes. Here, it is shown that FeS, NPs
stabilized by L-cysteine self-assemble into multicompartment supraparticles
(mSPs). The NPs initially produce ~55 nm concave assemblies that
reconfigure into ~75 nm closed mSPs with ~340 interconnected
compartments with an average size of 5 nm. The intercompartmental
partitions and mSP surface are formed primarily from FeS, and Fe,O; NPs,
respectively. The intermediate formation of cup-like particles enables
encapsulation of biological cargo. This capability is demonstrated by loading
mSPs with DNA and subsequent transfection of mammalian cells. Also it is
found that the temperature stability of the DNA cargo is enhanced compared
to the traditional delivery vehicles. These findings demonstrate that
biomimetic compartmentalized particles can be used to successfully
encapsulate and enhance temperature stability of the nucleic acid cargo for a
variety of bioapplications.

1. Introduction

Mesoscale  compartmentalization = with
enclosures ranging from ~50 to 1000 nm
is one of the key structural motifs in
living matterl™™ and is observed even
in the simplest lifeforms.>”! Examples
of such self-assembled biological struc-
tures include various viruses, cellular
vesicles®! and numerous organelles exem-
plified by carboxysomes,®! endosomes
and lysosomes.*19)  The constitutive
biomolecules of these nanoassemblies
are diverse—lipids, proteins, oligosac-
charides and polynucleotides—but, in-
terestingly enough, all of them are in
nanoscale dimensions.[*1%!1  Protection
of the segregated molecular content from
environmental degradation or competitive
reactions is the most common function of
these assemblies, with additional functions
including transport, metabolism, sensing
and signaling. Looking at the intracel-
lular organelles with higher complexity,
many of them, such as the endoplas-
mic reticulum (ER), Golgi apparatus,
mitochondria and  chloroplast, have
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multiple interconnected compartments with numerous
functionalities."”l As such, ER is one of the biggest organelles
in eukaryotic cells and is responsible for protein synthesis, fold-
ing, modification, lipid/carbohydrate metabolism, and calcium
storage. These different processes occur in parallel in different
structural domains of ER located in close proximity. Compart-
mentalization within one organelle makes it possible to avoid
enzymatic degradation, reaction cross-talk, and biomolecular
aggregation.[!]

Compartmentalization is, therefore, essential for organelle-
like nanoassemblies with similar functionalities representing
one of the easily identifiable targets in engineering complex self-
assembled nanomaterials. Synthetic mesoscale (ca. 50-1000 nm)
and microscales (ca. 1000-10 000 nm) particles with single
or multiple compartments made from organic amphiphilic
compounds,**13] such as lipids,'**¥! polymers!"! and nu-
cleic acids, 22! that form liposomes,[?223] polymersomes, 12423
capsosomes!?s28] and protocells!¢?°] have been extensively
investigated. In contrast, compartmentalized superstructures
made from inorganic nanoparticles (NPs) are much less com-
mon. Their unique optical,**3!] mechanical,!*?! catalytic, and bio-
logical characteristics!*3** can expand and facilitate the engineer-
ing of the NP-based “organelles” with similar and different func-
tionalities as their prototypes. However, the common methodol-
ogy of using organic structures as templates and complex multi-
step processes negates many of these advantages.*>-7] Toxic sol-
vents and costly biological components also make them environ-
mentally and technologically unfriendly.[38-431

To address these problems and to develop a generalized scal-
able approach for their synthesis, one can utilize an intrinsic
ability of inorganic NPs to self-assemble.**] In fact, the self-
organization behavior of metals, semiconductors, or ceramic
NPs replicates that of nanoscale biological components,[*—]
imparting them with the chemical and thermal robustness
of inorganic materials. Utilization of NPs with various geo-
metrical symmetries combined with the non-classical crystal-
lization processes,*’>%1 can also expand the variety of pos-
sible structures and complex geometries.’'-% High electron
microscopy contrast typical for inorganic NPs affords iden-
tification of structural interconnectivity patterns and, thus,
quantification of their complexity using graph theory (GT).
However, the prior studies on self-assembly typically lead
to nanostructured solids and semi-infinite nanoassemblies,
such as chains,[** sheets,>>] superlattices!*®! and ribbons,!*’!
rather than to compartmentalized particles of specific di-
mensions. Recently, self-assembly pathways based on electro-
static self-limitation to terminal assemblies with specific di-
mensions, such as nanoshells,*%8] helices,[®>*! nanostars,[?]
rings,!%! blackberries**! and supraparticles (SPs),!%%8] were
found. This study explicitly shows the self-organization of FeS,
NPs into multicompartment supraparticle (mSP) that has not
been observed before. This type of biomimetic nanoassem-
blies can encapsulate biological cargo, similar to virus-like
nanovectors,[®! exemplified by DNA and being demonstrated
in this work by plasmids. Importantly, inorganic NPs are ex-
pected to expand the temperature range for stability of such
formulations.
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2. Results and Discussion

Iron sulfide (FeS,) is the most abundant mineral on Earth, and
the central advantages of FeS, NPs include low toxicity, bioavail-
ability, and likely biodegradability.[”®! Keeping biocompatibility
in mind, the synthesis approach avoided toxic reagents (i.e.,
dimethyl sulfoxide and ethylenediamine!”*72]), high boiling point
organic solvents, and long-chain surfactants.”*! We investigate
the possibility of a simple method that produces biocompatible
FeS, NPs in aqueous media that facilitates hydrogen bonding
and other forces beneficial to NP self-assembly of diverse self-
limited superstructures under ambient conditions.[*”) The choice
of amino acid surface ligand, namely 1-cysteine (Cys), was made
to take advantage of fully biocompatible chemistry for the NP
synthesis. The low molecular weight of this surface ligand also
increases the attractive forces between NPs and the anisotropy of
their interactions.

Careful selection and optimization of the reaction conditions:
precursor concentrations, pH, reaction time, and temperature al-
lowed us to define conditions where FeS, NPs self-assemble into
compartmentalized, positively charged mSPs within 30 min at
room temperature (Figure 1a—e). After 30 min, mSPs begin to ag-
gregate (Figure S1, Supporting Information). This data suggests
that the observed superstructures are self-limiting terminal as-
semblies. We stopped the reaction at the optimum time (30 min)
to collect well-dispersed mSPs for their further experiments and
characterization.

2.1. Constituent Nanoparticles

The building blocks of self-assembled mSPs are simple inor-
ganic NPs coated with short surface ligands. These constituent
NPs are synthesized on ice to prevent their spontaneous self-
assembly into mSPs. The as-prepared iron sulfide NPs carry-
ing a layer of 1-Cys display an electrokinetic zeta-potential of
¢ = 4205 + 1.5 mV (Figure S2, Supporting Information) and
have a disk-like geometry with a diameter of 4.5 + 1.6 nm
and a height of 1.5 nm based on transmission electron mi-
croscopy (TEM) (Figure 1f,g,n), scanning transmission electron
microscopy (STEM) (Figure 2a), and AFM (Figure 2b) data. Fur-
ther analysis, X-ray diffraction (XRD) gives a weak broad peak
for NPs (Figure S3a, Supporting Information), suggesting lim-
ited crystallinity despite faceted shapes.”3] Hence, selected-area
electron diffraction (SAED) analysis (Figure S3b, Supporting In-
formation) was utilized for phase identification, and it revealed
that NPs assembled into mSPs display the crystal structure of
FeS, (Pnnm and Pa-3 space groups, PDF 37-475 and PDF 06-
710, respectively) and Fe,0, (Aba-2 space group ICSD 430557)
NPs (Table S1, Supporting Information). Energy-dispersive X-
ray spectrometry (EDS) also confirms the presence of oxygen (O)
along with iron (Fe) and sulfur (S) in NPs (Figure S3c, Support-
ing Information). Since the assembly process occurs at ambient
conditions, some NPs oxidized and partially transformed into
iron oxide NPs (Figure 2c,d). Notably, the chemical changes with
the NPs do not prevent efficient self-assembly, which indicates
the generality of the self-assembly behavior at the nanoscale.
Also, note that the presence of Fe,O; NPs does not decrease and,
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Figure 1. TEM study of mSPs and their self-assembly process. a—m) TEM images and n—p) size distribution analysis of the self-assembled structures.
a—e) Intermediate nanoassemblies on the pathway from NPs to mSPs in 30 min; f,g) TEM images of constituent NPs; h,i) nanocup intermediates at
0-15 min without mSPs; and j) with partially formed mSPs at 15 min; j-I) mature mSPs (30 min); m) constituent NPs in the mSP; n) NPs 4.5 + 1.6 nm
in diameter; o) nanocup intermediates 55.2 + 23.1 nm in diameter; and p) mature mSPs 72.4 &+ 27.3 nm in diameter. q) UV-Vis spectrum of NPs,
nanocups (15 min) and mSP (30 min); insert: Photograph of NP and mSP (after 30 min of assembly) dispersions in water.
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Figure 2. a—n) 3D structure and compartments of NPs (a—d), nanocups (e-h), and mSPs (i-n). a) Darkfield STEM image of NPs that are seen from
various angles. b) AFM data of NPs. This data suggest disk-like geometry and height of NPs consistent with AFM data. ¢,d) Atomic structures of iron
sulfide NP (c) and iron oxide NP (d) with L-Cys surface ligands bound to iron via the thiol groups. e,f) SEM images of nanocup intermediates acquired
with a TLD (e) and HAADF (f) detectors, respectively. Constituent NPs in the nanocup intermediate are marked with an arrow in (f). g,h) 3D model of
nanocup that is highlighted with a black circle in (e). i,j) SEM images of mSPs acquired with TLD detector (i) and HAADF detector (j). Compartments of
mSPs in HAADF images marked with arrows. k—n) Reconstructed tomography images of mSPs: k,|) acquired by STEM tomography, and m,n) acquired
by SEM-FIB slice and view. (I) and (n) reveal continuous compartments in the mSPs, red-colored in (n).

perhaps, further improves the biocompatibilityl® 747>l of the re-  on the pathway from NPs to mSPs, concave nanoassemblies
sulting mSPs. (Figure 1c,d), referred here as nanocups, are observed as an inter-
mediate (Figure 1h,i). The oblong mSPs (Figure 1e) have a closed

external surface, whereas the intermediate nanocups are open,

2.2. Intermediate Structures and their geometry can be alternatively described as half-shells.
While the intermediate structure and terminal mSPs can

After the synthesis of NPs, an increase of their dispersion tem-  be seen together during synthesis (Figure 1d,j), there are no
perature to 25 °C allowed NPs to self-assemble. Within 15 min  nanocups found in the dispersions of mSPs at the end of the
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reaction (Figure 1e), which points to the assembly process as NP
— nanocups — mSPs. In addition, broken pieces of mSPs reveal
similar concave geometries (Figure S4, Supporting Information).
The average size of the nanocups is 55.2 + 23.1 nm with ~5 nm
thickness (Figure 1o), and they contain ca. 300 NPs. 3D images
obtained by scanning electron microscopy-through the lens de-
tector (SEM-TLD) images (Figure 2e) show that the nanocups
have an open rim area and closed bottom (Figure 2g,h). High-
angle annular dark-field (HAADF) STEM mode further supports
their 3D geometry. Taking the capability of HAADF to provide en-
hanced contrast between heavy atoms and light atoms or empty
(void) areas, the organization of individual NPs in these concave
intermediates (Figure 2f, arrow) can be understood in a greater
level of detail.

2.3. Characterization of Multicompartment Supraparticles

Based on TEM images, mSPs are formed after 30 min of the self-
assembly process (Figure le). The diameter of these mSPs is 72.4
+ 27.3 nm (Figure 1k,p), and they are positively charged with
electrokinetic zeta-potential, { = +25 + 7.2 mV (Figure S2, Sup-
porting Information, 30 min, dashed box). Their UV-Vis spectra
of mSPs reveal peaks at 225, 270, and 365 nm (Figure 1q-blue
line) being redshifted from the peaks observed for constituent
NPs (Figure 1qg-black line). High-resolution transmission elec-
tron microscopy (HR-TEM) images of mSP reveal different di-
rectional crystal lattices of NPs (Figure 11,m), confirming NP as-
sembly into mSP the expected total number of NPs incorporated
into mSP being ca. 6200. The color change of the dispersion (Fig-
ure 1q inset) from black to yellow implies mSP formation with
the partial conversion of the surface FeS, NPs into iron oxide. El-
ement maps (Figure 3) show that iron oxide layer is located on the
surface. Even though the larger aggregations are formed after 6 h,
since the optimal time is passed, the structure and size of mSPs
remain the same. (Figure S5: the data for 360 min reaction time,
and Figure S1, Supporting Information). The geometries of the
intermediates and final nanoassemblies were also independent
of the Cys enantiomer or the use of the N-acetyl derivative of Cys
(Figure S6, Supporting Information).

2.4. Multicompartment Supraparticles

Scanning electron microscopy through the lens detector (SEM-
TLD) images show that mSPs are nearly spherical particles with
a closed surface. By other words, they do not display distinct sur-
face porosity (Figure 2i), unlike other inorganic and organic parti-
cles being studied!”®! and used as drug carriers.””””") HAADF im-
ages reveal, however, that the continuous surface layer is a shell,
and the synthesized SPs have a sophisticated internal structure
(Figure 2j—arrow). For further analysis of the internal organiza-
tion of the mSP, STEM tomography (Figure 2k,]) and SEM-FIB
ion milling (Figure 2m,n) were utilized. Both methods show sim-
ilar compartmentation where ca. 5 nm compartments are inter-
connected (Figure 21,n). From these 3D images, the overall size of
mSP is 78.04 + 37.2 nm (See Section S1.3, Supporting Informa-
tion), that is consistent with the TEM images (Figure 1p). The vol-
ume of mSP and the compartments are measured (1.01 + 0.832)
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x 10° nm? and (0.15 + 0.048) x 10° nm?, respectively. Approxi-
mately 17 + 5% of mSP’s volume is taken by compartments (Ta-
ble S3, Supporting Information), which is conducive for a high
degree of cargo protection.

Element mapping reveal the atomic scale organization of these
compartments (Figure 3a—e). We found that Fe and S are lo-
cated inside the mSP, while the surface of mSPs is made of
9.9 + 1.85 nm thick layer rich in Fe and O (Figure 3e) corre-
sponding to Fe,O; NPs. Approximately 43% of NPs are Fe,O,
and located on the surface of the mSPs (Figure 3f-i). To fur-
ther investigate surface composition, we performed X-ray pho-
toelectron spectroscopy (XPS), and Fourier transform infrared
(FT-IR) spectroscopy (Figure S9, Supporting Information). High-
resolution XPS data (Figure S10, Supporting Information) sug-
gests that cysteine bind to the mSP surface in two patterns. Be-
sides the expected Fe—S bond via the thiol group, there is also an
O-Fe-S bond on the Fe,O, surface. The cysteine binding on the
NP was confirmed with FT-IR (Figure S9a, Supporting Informa-
tion). Asymmetric COO- and NH,* stretching can cause a shift
in the position in the IR spectra due to dipole moment change
as when cysteine binds on the metal surface with high electron
density. The S—H peak disappears in IR spectra, which verifies
the covalent interaction of sulfur and iron (Figure S9a, Support-
ing Information). Therefore, 1-Cys binding to iron from the thiol
group is confirmed, and the positive charge in zeta potential can
be explained by the NH,* groups of the surface ligand (Figure 3j,
and Figure S2, please see Section S1.4 for a detailed explanation
of XPS and FT-IR data, Supporting Information).

FeS, has an indirect bandgap of 0.95 eV,[8#!] and Fe,0, has a
direct bandgap of 2.1 eV,[32] and thus the mSPs have broad ab-
sorption bands with overlapping peaks (Figure 1q). Similar to
FeSe, NPs,[®3] we observed strong photoluminescence of mSPs
with emission peaks between 320-650 nm (Figure 3k). Emis-
sion peaks at 350-550 nm associated with surface sites®*! (Fig-
ure 3l-solid lined box) show excitation-independent emission
spectra and a large Stokes shift of #50 nm. Strong fluorescence
of mSP enables the acquisition of confocal microscopy images
(Figure 3k, and see Section S1.5, Supporting Information) for
their tracking and localization in cell cultures.

2.5. Assembly Mechanism

We learned in the previous studies!>>86586-88] that the control of
the self-assembly of NPs into terminal SPs is about control of the
balance between several forces with non-additivity relations be-
tween them.!®] The attractive interactions are short-range and
include van der Waals, dipolar interactions, hydrogen bonds,
and coordination bonds. The repulsive interactions are primar-
ily long-range electrostatic forces with some contribution of ex-
cluded volume interactions. As shown in Figure 2c,d, cysteine
layer on NPs increases the attractive forces between NPs and their
anisotropy.[*”) We believe that the nanocup formation is associ-
ated with the platelet geometry of the constituent NPs and asym-
metry of their charge distribution. The electrostatic repulsion be-
tween the surfaces of the platelets guides their assembly in a side-
to-side fashion instead of forming vertical stacks. Concomitant
oxidation of iron on the NP FeS, to Fe,O; that may occur on
small particles asymmetrically on the top and bottom surfaces,

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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may further increase the anisotropy on the NP and result in the
assembly that forms concave structures (Figure S21, Supporting
Information) instead of mesoscale sheets with nanoscale thick-
ness observed under different conditions with a reduced rate of
oxidation!”! or with NPs of different shapes.[*! The oxidation of
constituent NPs increases the electrostatic repulsion further (Sec-
tion S1.6 and Table S4, Supporting Information). The multiple
nanocups come together during the reaction and form mSPs re-
sulting in multiple internal cavities in mSPs (Figure 1c,d). Size
distribution and anisotropy on these nanocups result in the dis-
tribution of sizes in the compartment, but the overall dimensions
and the total number of NPs in mSPs remain self-limited.

2.6. Graph Theoretical Description

The structure of mSPs and other nanoassemblies possible in this
system can be described by methods of Graph Theory (GT)P%
whose implementation to nanoscale structures is similar to GT
indexes used for organic molecules.[] The GT-based structural
models provide a method to describe different nanostructured as-
semblies taking into account both the geometry of the constituent
NPs and their resulting assembly patterns (Section S1.7, Support-
ing Information). The benefit of the GT structural models is that
they are uniformly applicable to all types of nanoassemblies—
organic, inorganic, and biological—which can be used for their
comparative evaluation and structural design.

The GT representations of NPs, nanocups, and mSPs are given
in (Figure 4a—c). The minimal GT representation of disc-like NPs
is K; graph (Figure 4a, and Figure S13a, Supporting Informa-
tion). The GT representation of nanocups in Figure 4b reflects
the fact they are formed by edge-to-edge merger of nanoplatelets.
Mesoscale nanosheets with continuous inorganic phase are rep-
resented by the same K; graph as the nanoplatelets. However,
they also have a concave shape overall. Unlike “flat” nanoscale
sheets (represented by K;) and similarly to inorganic ribbons
with a twist (represented by K), the non-random 3D shape of the
nanocups is reflected by the two additional nodes. GT represen-
tations of mSPs describe the fact that they carry a shell comprised
of iron oxide NPs (Figure 4c). Compartments in mSPs are graph-
ically represented graph loops (closed circle with a node). The
self-assembled mesoscale nanosheets (K;) assembled from NPs
are assumed to be randomly distributed within the SP filling the
remainder of the space (Figure S19d, Supporting Information).
Similarly, to self-assembled particles of Au-S nanoplates with
1-cys surface ligands, 2! we calculated the complexity index (CI)
for each structure (see Section S1.7, Supporting Information, for
detailed calculation) to operate with quantitative rather than no-
tional concept of complexity.

mSPs display obvious structural similarities and comparable
complexity with human adenovirus (Figure 4d). This point can

www.advmat.de

also be strengthened by the fact that typical viral structural cap-
sid proteins have a mean diameter of 5 nm and a mean thickness
of 2 nm,!*¥ which is similar to constituent NP size and thickness
here, with self-assembly in a stable spherical shell.®! Further-
more, adenovirus and mSP has similar loading capacity where
adenovirus can be loaded up to 8 kbl®®) and mSP can be loaded
>6 kb (Section S1.13 and Table S5, Supporting Information).

2.7. DNA Encapsulation

The process of mSP formation facilitates the use of compart-
ments for cargo packing and delivery. To demonstrate cargo load-
ing of the compartments within mSPs, we added pEEB Cherry
plasmid deoxyribonucleic acid (pDNA) at the stage of nanocup
self-assembly. Allowing subsequent maturation of nanocups into
mSPs, the final particles containing DNA cargo, abbreviated here
as mSP-pDNA, were analyzed for DNA presence and localiza-
tion. UV-Vis and circular dichroism data do not show signifi-
cant differences in the spectra between mSPs and mSP-pDNA
(Figure 5a,b) since the absorption of mSP and nucleic acid over-
lap. In addition, there is the possibility that structural change
of the nucleic acid in mSPs may alter its hyperchromicity, simi-
lar to viruses.””%®) Dynamic light scattering (DLS) data of mSP-
pDNA also shows that the zeta potential of loaded and empty
mSPs are the same (Figure 5c¢) indicating that DNA is not lo-
cated on the mSP surface. STEM, TEM, and HAADF STEM im-
ages (Figure S15, Supporting Information) show minimal differ-
ences in size/shape of mSP size with and without DNA. Some
alterations in organization of the internal compartments in the
presence of pDNA are possible but will require extensive studies
with 3D reconstructions of the multiple mSPs. No DNA in the
supernatant after formation and separation of mSP-pDNA was
also found (Figure 5a). All these data suggest complete pDNA
encapsulation, which was confirmed via electrophoresis mobil-
ity shift assay (EMSA), where naked DNA moves freely in the gel,
but its mobility is restricted if it is bound to another entity. Elec-
trophoresis mobility shift assay (EMSA) proves the DNA present
in the system by first showing bands for pDNA only but not the
mSPs only lanes in the gel; second, stained DNA remains in the
well (restricted mobility into the gel) of the mSP-pDNA lane due
to encapsulation by heavy mSP (Figure 5d). Note that mSPs are
positively charged, and they move in the opposite direction; how-
ever, when they are loaded with pDNA, DNA and mSP want to
move in different directions, and that causes them to be stuck in
the well. The addition of DNase prior to gel electrophoresis in-
dicates that DNA is protected from digestion within the mSPs
(Figure 5d). The absence of a free pDNA band in the mSP-pDNA
line, along with no DNA in the supernatant of the reaction, may
also suggest that mSPs show ~100% encapsulation and protec-
tion of pDNA. The final evidence for DNA encapsulation within

Figure 3. Elemental analysis and cross-section of mSPs. a) An SEM image of mSPs. b—d) Elemental analysis of the mSPs and location of iron, sulfur,
and oxygen elements in mSPs. e) Overlay image of three elements. This image shows that iron oxide NPs are at the surface and create a shell on the
mSPs. mSPs contain continuous internal compartments protected from the outside by Fe,O; NP membrane 9.86 + 1.85 nm thick. f,g) Cross-section of
reconstructed mSP surface (f) and volume (g) rendering acquired by STEM tomography. h) Scheme of cross-section where green disks show two layers
of Fe, 03, and magenta disks show FeS, nanoparticles. i) Orthogonal slice of STEM tomography. Black arrows in each image (f—i) show compartments. j)
Magnified representation of Fe,O; NP with L-cysteine on the surface. k) 3D plot of excitation—emission spectra and I) contour map excitation—emission
matrix (EEM) spectra of the mSP suspension. RS are Rayleigh scattering peaks, A, = A¢p,. The solid lined box in (I) shows stable picks (350-550 nm)
with broad-range excitations (200-600 nm). The dashed box in (I) shows the excitation range gives the highest emission.
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Figure 4. a—d) Minimal GT representations for nanoscale structures: a) disk-like NPs, b) nanocups, c) mSPs, d) adenovirus along with the complexity
indexes (Cl) are given in blue font.
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the mSP is elemental mapping where phosphate signal specific
to DNA stays inside the iron oxide layer of mSP (Figure 5e). These
multiple lines of evidence confirm that DNA is successfully en-
capsulated in the mSP. The driving force of the encapsulation of
pDNA is electrostatic interaction between the negatively charged
pDNA and positively charged constituent NP that allows the mul-
ticompartment supraparticles (mSPs) to trap pDNA during their
maturation. The average number of pDNA per mSP is calculated
as ~80.

DNA release assay was also performed with UV spectroscopy
to determine what conditions and how long it takes to release the
DNA from the mSP-pDNA complex. pDNA release assay of mSP-
pDNA was conducted at two different pH (=5.5 and 7.4) in two
different media—water and phosphate buffer. On the other hand,
pH 5.5 is used to model the endosome environment. The relative
pDNA release was quantified at 260 nm (Figure 5f,g). Encapsu-
lated pDNA is released at acidic conditions (pH 5.5 in water and
pH 5.8 in phosphate-buffered saline [PBS]) within 2 h (Figure 5g)
as mSP starts to degrade (Section S1.9, Supporting Information).
Importantly mSP-pDNA remains stable even after 50 h in water
and PBS at pH 7.4 (Figure 5f black and red lines) at 37 °C. Elec-
trophoresis was employed for intact pDNA release (Figure 5h).

2.8. Cytotoxicity, Cellular Uptake, and Transfection

For cellular experiments, the number of particles per cell must be
controlled. We want to provide as many particles as possible to
maximize transfection while avoiding cytotoxicity. Even though
toxicity is not expected with these mSPs, the cytotoxicity may still
originate from the nature of NPs. So, we tested how mSP-pDNA
affects the viability of human cells (HEK293T) for different expo-
sure times, concentrations, and cell numbers (Figure 6a,b). The
toxicity of mSP-pDNA on cells compared to the control group
is insignificant if the particle: cell ratio is kept at 4000 or low
for 24 h (Figure 6a dashed lines show the thresholds where p-
value > 0.05). It is noticeable that 1000x concentration decreases
cell viability significantly since the particle: cell ratio is 4 x 10*
or higher. After 48 h of incubation in the presence of 10x mSP-
PDNA, cell viability decreased by ca. 22% if the particle: cell ratio
is higher than 2000 (Figure 6b, dashed lines show the threshold).
For transfection experiments, HEK293T cells were treated with
mSP-pDNA with 1000 particle: cell ratio for specific time inter-
vals from 6 to 24 h.

Based on the cytotoxicity assay, we calculated the particle con-
centration of mSPs, that is #1000 mSPs per cell, giving a suf-
ficient number of particles without creating cytotoxicity (Sec-
tion S1.10, Supporting Information). For cellular uptake analy-
sis, we used the advantage of mSP fluorescence and calculated
the mean fluorescent intensity of mSPs under confocal images.
mSPs gave the highest emission intensity when they excited at
475 and 500 nm in the window of 520-700 nm emission wave-
lengths (Figure 3k,], and Section S1.5, Supporting Information).

www.advmat.de

Thus, confocal images of mSP-treated cells are observed at 475
(Figure 6¢) and 500 nm (Figure 5d). We are using two differ-
ent excitation wavelengths to confirm that the signal is coming
from mSPs and that it is not an artifact of the other cell com-
pound. With increasing incubation time, the mean fluorescence
intensity per area of an image increased gradually, reflecting cel-
lular uptake (Figure 6e). For the first 2 h, the cellular uptake
was faster than in the following time periods. In 6 h, the cellu-
lar uptake gradually reached saturation, where the percentage of
fluorescence-positive cells is no longer increased. mSPs attach to
cells in 1 h; even after 3x washing, we can see particle attach-
ment on the cell surface (Figure S18, Supporting Information).
The fluorescence intensity of particles in cells does not change
much between 4-12 h (Figure S19a,b, Supporting Information);
untreated cells show no fluorescence at the same laser intensity
(Figure S19c, Supporting Information).

Transfection is also expressed as the mean fluorescent in-
tensity of confocal images of reporter protein (pEBB cherry-
red color). Even though cellular uptake reaches saturation at
6 h, releasing and transcription of pDNA takes time. There-
fore, we started to see red-emitting cells after 9 h (Figure 6h).
Confocal images of mSP-pDNA transfection can be seen in
Figure 6j—-1. The comparison between mSP and Lipofectamine
is not statistically different (Figure 6i, and Figure S20, Support-
ing Information). However, mSPs can condense DNA, protect it
against degradation, enter the cell, and release it in the cytosol
(Figure 5f~h). A fine balance between extracellular protection, in-
tracellular release, and biodegradation is crucial. The presence of
iron in mSPs may facilitate cellular uptake due to van der Waals
interactions of the mSPs and cellular membrane. This feature
may decrease the excessive membrane potential change that oc-
curs with liposomes. The release of cargo after transmembrane
transport is facilitated by the spontaneous disassembly of mSPs
in the cells. Attractive-repulsive forces between constituent NPs
control mSP stability. Disassembly occurs because of the shift in
the balance between attractive and repulsive forces that keeps
NPs together when they self-assemble outside the cells. Once
mSPs entered the cell, a drastic change in pH and dielectric con-
stant (€) occurs.®”] For example, the dielectric constant for cy-
tosol of human red blood cells is reported to be <50,11%! while
for water and interstitial fluid, ¢ = 78. The reduced dielectric con-
stant is associated with an increase in electrostatic forces in ac-
cord with the Coulomb law. Therefore, the increase of inter-NP
repulsion!'%! leads to mSP disassembly. Concurrently, pH differ-
ences from outside (7.4) to inside (5.5) of the cell cause disas-
sembly and DNA release in Figure 5f~h. The increased osmotic
pressure can lead to the “burst” of the mSPs in the cytosol.

2.9. Thermal Stability of Biological Cargo

We wanted to check if mSP can stay stable under extreme con-
ditions for a long time. We kept mSPs at —20 °C and room

Figure 5. DNA encapsulation and release. a) UV-Vis spectra, b) circular dichroism and c) zeta potential comparison of mSP, DNA encapsulated mSP
(mSP-DNA), and pDNA. d) Electromobility shift assay (EMSA). mSP-DNA has lower mobility than free pDNA. mSPs protect DNA from degradation by
DNase I. e) Elemental analysis of mSP-DNA: i) SEM image of mSP-DNA; ii—v) elemental analysis of the mSPs and location of iron, sulfur, oxygen and
phosphorus (DNA specific signal) elements in mSP-DNA,; vi) overlay image of four elements. DNA is localized in the center of mSPs. f) The plots show
relative DNA release percentage during acid incubation time of mSP-pDNA for 48 h. g) The zoomed graph from the red box in (f) shows DNA release
percentage for 2 h. h) Gel electrophoresis shows free DNA after 30 min acid incubation along with intact mSP-pDNA.
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temperature (RT) for more than 4 years and at 70 °C for 50 h.
After bringing them to RT, we checked for their stability via UV—
Vis spectra (Figure 7a), DLS (Figure 7b), and TEM (Figure 7c).
UV-Vis spectra and zeta potential data did not show any signifi-
cant changes between mSPs kept at different temperatures (Fig-
ure 7a). The only difference we observed is mSP at 70 °C has a
little larger size (Figure 7b-size), this can be due to completion of
unmatured particles or aggregation of smaller particles as can be
seen in TEM images (Figure 7c). Since we did not see any changes
for mSP, we tested SP-DNA for its ability to protect DNA at high
temperature (70 °C) for 50 h and transfect the cells (Figure 7d,e).
These images show that DNA is protected at 70 °C by mSPs by
having been given the red color of the reporter protein (pEBB
cherry).

3. Conclusion

FeS, NPs self-assemble into compartmentalized mesoscale par-
ticles with multiple internal cavities via reorganization of these
cup-shaped metastable nanoassemblies. The complexity and or-
ganization of mSPs are similar or identical to those observed in
viruses, which led us to conclude that the nanoscale compart-
ments can effectively protect the cargo against heat and other en-
vironmental factors representing one of the biggest bottlenecks
for deployment of vaccines.['”2] We have demonstrated that mSPs
can protect and deliver the DNA cargo against temperatures as
high as 70 °C. We expect that application of mSP can consider-
ably improve the accessibility to vaccine.

Based on the simplicity of the mSP assembly—disassembly
mechanism, we expect the possibility of using mSPs for gene
therapies and other areas of medicine as well as biotechnology.
However, the stability of the molecule must be considered. For ex-
ample, mRNA encapsulation, similar to the current SARS-CoV-
2 vaccines,!1%1% may require additional modifications!'%! such
as 5’ ligation,['%] pseudouridine modifications!'”’! or sequence-
optimization['%] to increase the stability before encapsulation. In
addition, the electrostatic interaction of NPs and mRNA has to be
balanced to allow complete release in the cell.

4. Experimental Section

Materials: ~ All materials except plasmid were purchased from com-
mercial sources: iron Il chloride (FeCl;), sodium sulfide nonahydrate
(NaS,-9H,0), and L/p-cysteine and N-acetyl cysteine were purchased
from Sigma-Aldrich (St. Louis, MO, USA); absolute ethanol from Fisher-
Scientific (Hampton, NH, USA); grids with ultrathin carbon film on ho-
ley carbon film support for TEM and carbon film only for STEM analysis
purchased from Ted Pella (Redding, CA, USA); disposable folded capillary
cells for DLS measurements were purchased from Malvern Instrument
(Worcestershire, UK). Hellma fluorescence cuvettes were purchased from
Sigma Aldrich for UV-Vis, fluorescence, and CD measurements. All cell

www.advmat.de

culture materials were purchased from Gibco-BRL Inc. (Gaithersburg, MD,
USA) unless otherwise stated differently. The pEBB-Mchery plasmid was
used to transform Escherichia coli and amplified plasmid extracted with
plasmid isolation kit (Invitrogen PureLink HiPure Plasmid Filter Maxiprep
Kit).

Synthesis of NPs: 0.5 x 1073 m L-cysteine and 1072 m iron I chloride
in 100 mL DI water under magnetic stirring on ice under air. 10 mL of 5 x
10" m sodium sulfate nanohydrate was then dropwise added to the so-
lution under constant magnetic stirring. Once the color changed to black,
the reaction stopped, and NPs were collected by centrifugation at 14K for
1 h, washed three times with absolute ethanol. The particles were dried
entirely at room temperature to make sure of no trace of ethanol. Particles
then dissolved in Milli Q water for further experiments.

Compartmentalized Synthesis of mSPs:  mSPs obtained by increasing
the NP reaction temperature to room temperature. After 30 min, the color
changed from black to yellow and the reaction stopped. mSPs were col-
lected by centrifugation 10k for 15 min, and subsequently washed three
times with absolute ethanol. For the time-dependent experiment, the re-
action stopped at specific time points. The particles were dried entirely
at room temperature to make sure of no trace of ethanol. Particles then
dissolved in Milli Q water for further analysis and experiments.

Cup-Like Intermediate Structure Synthesis: The time-dependent exper-
iment showed that intermediate structures form between time 0 (right af-
ter the sulfur source added to reaction) and 15 min when the reaction was
at room temperature. For collecting cup-like intermediates, the reaction
stopped at 15 min and washed three times similar to mSPs.

Encapsulation of pDNA into mSPs:  The system was slowed down by
stopping the mSP reaction at 15 min to utilize the compartments of the
mSPs. At this point, 150 ug plasmid (pEEB cherry — 6073 bp) was added
dropwise to the system, and the reaction was allowed to complete the mSP
formation under magnetic stirring. After 15 min (total of 30 min), mSPs
containing DNA (mSP-pDNA) were collected and washed as usual.

Calculating Amount of DNA Molecule in mSP:  This calculation is based
on the assumption that the average weight of a base pair (bp) is 650 Dal-
tons.

number of DNA copies = (amount in g x (6.022 x 1023))/

(length x 650) (1)
150 pg pDNA = 2.29 x 10" pDNA molecule per system (2)

Since the system had ~3 x 10" particles per system, it was calculated
that there were ~80 pDNA molecules per mSP.

Particle Characterization: UV-Vis measurements were acquired by an
8453 UV-Vis Chem station spectrophotometer produced by Agilent Tech-
nologies. Zeta potential of mSPs was measured at 25 °C using a Zetasizer
Nano ZS instrument (Malvern Instruments Ltd, Malvern, Worcestershire,
UK). Circular Dichroism (CD) spectra were obtained by a JASCO J-815.
TEM images obtained by utilizing JEOL 3011 high-resolution electron mi-
croscope equipped with a CCD camera and a field emission gun (FEG) op-
erating at 300 kV. SEM images were obtained with FEI Helios 650 Nanolab
SEM/FIB. STEM images obtained with a JEOL 2100 Probe-Corrected An-
alytical electron microscope equipped with a Gatan Ultrascan 1000 CCD
TV camera and a FEG operating at 200 KV. The FT-IR (Thermo-Nicolet IS-
50); energy-dispersive X-ray spectrometry (EDS, FEI Helios 650 Nanolab
SEM/FIB and JEOL 2100F) and X-ray photoelectron spectrometry (XPS,
Kratos Analytical AXIS Ultra) and an X-ray diffractometer (XRD, Rigaku Ro-
tating Anode with Cu Ka radiation generated at 40 kV and 100 mA) were

Figure 6. Cytotoxicity, cellular uptake, and transfection data. a,b) Cell viability assay for mSP-DNA X and 100X along with cell only for 24 h treatment (a)
and 48 h treatment (b). The dashed lines show the threshold of cell: particle ratio for significant cell viability reduction. p-value * < 0.05, ** > 0.05. c—f)
A confocal image of cellular uptake of mSP after 12 h. mSP in the cell in (c) is excited at 475 nm, and in (d) is excited at 500 nm; the emission window for
both excitations is 520-570 nm. f) mSP aggregations can be seen in a cell. g) Average fluorescence intensity of confocal images of mSP treated cells. h—I)
Transfection capability of mSP-DNA analysis, h) average fluorescence intensity of confocal images of mSP-DNA treated cells post-transfection 6-24 h.
At 24 h, it reaches the highest transfections efficiency. i) Comparative evaluation of transfection efficiency by mSPs and Lipofectamine. j—I) Confocal
images of cells post-transfection 24 h. mCherry protein gives a red color to the cells. Scale bars: (c—f) 0.5 um, (j-I) 100 um.
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Figure 7. Thermostability data of SP. a) UV-Vis spectrum of SP that is kept at —20 °C for 6 years, room temperature (RT) for 4 years, and 70 °C for 50 h.
b) TEM size and zeta potential data of the same set in (a), red color shows the size, and blue shows zeta potential. ¢) TEM images of SPs after keeping
them at —20 and +70 for >4 years. d—f) Confocal images of cells post-transfection 24 h with SP-DNA that is kept at 70 °C for 48 h. mCherry protein gives
a red color to the cells. Scale bar: 100 um
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used to examine the composition of particles. Fluorescence data was ob-
tained by a Jobin Yvon Horiba FluoroMax-3 instrument.

Particle Size: Particle size was calculated with image | analysis with
number of TEM images. The total number of particle (n) was measured
for calculations. n for mSP was 1276, n for cup-like structures was 300,
and n for NP was 150. Nanoparticle tracking analysis (NTA) was also con-
ducted for confirming size of mSP in aqueous environment. Nanoparticle
tracking analysis (NTA) data were obtained by Malvern NanoSight NS300
on aqueous dispersions.

Phase Identification: Multiple diffraction rings of mSPs were obtained,
and d-spacing of each diffraction ring calculated with image-J. All results
were recorded and sorted with decreasing d-spacing, here + 0.1 A is con-
sidered as a measurement error. The list of d-spacing of mSPs was com-
pared with known samples containing iron, sulfur, and any combination
of these three elements.

Excitation—Emission Matrix: ~ Excitation—emission matrix (EEM) is a 3D
landscape with a z-axis measuring the intensity where red color shows
the highest intensity, and purple color displays the lowest intensity. If the
material is fluorescent, emission peaks of different excitation wavelengths
should be stable in the scanning. Likewise, mSP suspension was excited
from 200 to 600 nm with 10 nm increments.

Electron Tomography: The electron tomography studies at room tem-
perature were carried out on two different systems:

1) AJEOL 2100 Probe-Corrected Analytical electron microscope equipped
with a Gatan Ultrascan 1000 CCD TV camera and a FEG operating at
200KV and

2) An FEI Helios 650 Nanolab SEM/FIB with slice and view software.

For JEOL 2100, a series of 2D projection images were recorded by tilting
the specimen from —65° to 70° for increments of 1°. A tomography recon-
struction software package Etomo was used to align the tilt series. The
surface and volume rendering were generated using the Avizo software.

For SEM tomography, slice and view software employed. The particle
cluster on a silicon wafer was coated with first carbon and then platinum
to protect the particles from ion beam damage. The area was milled with
an ion beam every 3 nm, and images were taken. The images taken with FEI
Helios 650 Nanolab SEM/FIB were aligned, and the surface and volume
rendering were generated using the Avizo software.

Surface Area and Volume Calculation: 17 polydisperse mSPs were
grouped based on location in the cluster and color-coded. Number of
mSP, each mSP size in diameter, average volume, and surface area of each
color-coded area were calculated within Avizo software.

Calculation of the Number of Compartments in an mSP:  The shape of
the individual compartments and whole compartment unit structure were
considered as spherical to simplify the calculations. The number of com-
partments in mSP was calculated in a way that a volume of a sphere was
highly packed with smaller spheres. Based on TEM analysis Vsp can be
calculated (Rsp = 36.2 nm, Vgp = 1.98 X 10° nm?). Therefore, the volume
of compartments (Vsc) can be calculated as 3.37 x 10 nm? (17% of the

Vsp).
Voc =0.17x 1.98 x 10° ~ 3.37 x 10* 3)

Kepler conjecture the highest packing density of same-sized spheres in

the 3D space is n/3\/§ ~ 74.048%. Also the sphere volume is known to
be %m3.

Using the diameter of compartments (r,c = 2.6nm—tomography anal-
ysis [dc = 5.2 nm]) number of compartments per mSP can be calculated

to be ~340:
Ve X 0.74048/V,c ~ 340 )

where Vi is the volume of whole compartments in mSP, V¢ is the volume
of individual compartments, and Vsc is 3.37 X 10* nm> and V| is 0.74 x
102 nm3 (Figure S8, Supporting Information)
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The Number of NPs in an mSP:  Since mSPs were self-assembled with
multiple compartments, that NPs should form chains is concluded. There-
fore, the number of NP in a mSP is calculated in a way that the plane was
highly packed with circles. The densest packing of circles in the plane was

the Steinhaus’s hexagonal lattice packing which is ‘/g” ~ 90.689%. The
packing density of NP in an mSP was consider as ~ 90% and the volume
of a cylinder is known to be zr?h, where d = 4.5 nm and h = 1.5 nm. There-

fore, number of NPs per mSP can be calculated to be 226200.

Vip = 72.25% X 1.5 = 23.85nm?® = 0.024 x 10°nm? (5)
0.9 (Vinsp = Vsc) /Vip =~ 6185 (6)
WhereV, cp — Vsc = 1.65 x 10°nm?3 7)
1.65 x 10°nm?® x 0.9 = 1.48 x 10°nm? (8)

The top two layers (8.9 nm) of mSPs were Fe, O3 NPs, therefore ~43%
of NPs were Fe,O; NPs.

Lambda Scanning in Confocal Microscopy: ~ Super-resolution Leica SP8
MP Confocal STED microscope was utilized for lambda scanning. A
lambda scan is an acquisition of an emission spectrum using spectral de-
tectors, and it records a series of individual images of the sample within
a defined wavelength range. Lambda scan was performed between 470—
570 nm excitation range with a white light laser to find the best excitation
wavelength. The size of the emission window was kept 50 nm long, and it
was shifted 20 nm further along with excitation wavelength for the sake of
the detector. The intensity of each image was quantified and graphed with
Las X software. As the white light laser range was 470-670 nm, the lambda
scanning was performed starting from 470 nm and ending at 570 nm (no
emission after 570 nm).

Cell Culture: HEK293T cells were purchased from American Type Cul-
ture Collection ATCC (#CRL-11268). Cells were maintained at 37 °C with
5% CO, in Dulbecco’s modified Eagle’s medium (DMEM) media sup-
plemented with 10% fetal bovine serum and 1% penicillin/streptomycin
(Thermo Fisher Scientific, Waltham, MA, USA) and passaged every 3—
4 days at 80% confluency. Cell cultures were tested regularly, and no my-
coplasma infection was found.

Cell Viability Assay: 100 pL human embryonic kidney (HEK) 293T cells
were seeded on cell culture treated 96 well-plate (in the concentration of
from 100 000 cells mL~" serial dilution to 82 cells/mL and incubated at
37 °C for 24 h. Then, medium discarded and cells were washed with PBS
2 times to remove non-attached cells. 90 uL fresh media added along with
10 uL mSPs in the concentration of 10x and 1000x and incubated for 24 or
48 h. Promega CellTiter 96 Nonradioactive Cell Proliferation Assay (MTT)
was conducted as described in the protocol. Shortly, 15 pL dye solution
added to cells and incubated for 4 h, then 100 L stop/solubilization so-
lution was added, and then sealed and incubated at 37 °C overnight to
allow complete formazan product solubilization. Tetrazolium salt in the
dye solution converted into the formazan by living cells, and the solubi-
lization solution solubilizes the formazan product. The next day, a plate
reader (BioTek Synergy 2 Plate Reader, BioTek Instruments, Inc., Winooski,
Vermont, USA) was utilized to record absorbance at 570 nm as a blank ab-
sorbance of mSP solutions in media used and subtracted from all samples.
All experiments were repeated three times. The results were expressed as
mean + SD (n =5).

Cellular Uptake and Transfection: The HEK293T cells were seeded in a
Lab-Tek chambered cover glass system at 4.8 x 10* cells per well (8 wells
per chamber) and cultured for 24 h to achieve 70% confluence. The me-
dia was discarded, and cells were washed two times to remove unattached
cells. 20 uL of mSP and mSP-pDNA dissolved in media were added for cel-
lular uptake and transfection, respectively. Wells were completed to 200 uL
with media. Treated cells were incubated for 30 min for up to 48 h. The cells
were washed two times with PBS and fixed by 4% paraformaldehyde for
1 h, and fixative was aspirated, and the cells were washed with PBS three
times. Nuclei were labeled by Prolong Gold Antifade Reagent with DAPI
and stored in the dark until imaging. Cells were imaged using Leica SP8
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MP Confocal STED microscope for cellular uptake of SPs. Different confo-
cal images were taken from different locations of a plate in a matrix of 3 by
5 at 475 and 500 nm excitation wavelength for the cellular uptake experi-
ment. Mean fluorescence intensity was quantified by using FlJI software.
Instead of threshold application, an empty area of an image of cells with-
out particles taken by exact same configurations was subtracted. The data
were normalized, and results were graphed based on each time point in
origin. This imaging was repeated on three independent experiment sets
for each time slot.

For transfection, same cell density with aiming at 1000 SP-DNA per
cell ratio was used. For comparison Lipofectamine 3000 that was obtained
from Life Technologies (Invitrogen, Carlsbad, USA) was used. The product
protocol was followed exactly as described. Three independent transfec-
tions were repeated for both SP-DNA and Lipofectamine. Nikon A1 with
Texas red filter was utilized for live cell imaging after 6-24 h. Fluorescence
intensity from these images were quantified via Image J. All errors given
represent standard deviations.

Mobility Shift Assay: 1% agarose gel was prepared with gel red, and
10 uL samples (mSP, mSP-pDNA, pDNA) mixed with 10x loading dye
(Thermo Scientific 6X TriTrack DNA Loading Dye). Samples were then
loaded to wells along with 2 pL 1K ladder (Thermo Scientific GeneRuler
1 kb DNA Ladder). Gel run in gel apparatus (Bio-Rad) at 35 V for 2 h. Gel
imaged with a gel imaging instrument (Bio-Rad).

DNA Release Assay: mSP-pDNA was incubated in two different pH
(5.5 and 7.4) in two different solvents (water and phosphate buffer) for
0-48 h every 20 min for the first 2 h, and for 6, 12, 24 and 48 h each of the
time intervals and absorbances were taken with UV spectroscopy (Nan-
oDrop 2000, Thermo Scientific). mSP in water or PBS used as a reference,
and relative absorbances recorded for percentage calculation. pH adjusted
with HCl and NaOH.

Statistical Analysis: The data were summarized as means + standard
deviation (SD) based on experimental values obtained in multiple mea-
surements. Where necessary, the statistical variations (p values) between
the group means were evaluated by one-way analysis of variance (ANOVA)
inR.
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